The atmosphere of Titan is constantly bombarded by galactic cosmic rays and Saturnian magnetospheric electrons causing the formation of free electrons and primary ions, which are then stabilized by ion cluster formation and charging of aerosols. These charged particles accumulate in drops in cloud regions of the troposphere. Their abundance can substantially increase by friction, fragmentation or collisions during convective activity. Charge separation occurs with help of convection and gravitational settling leading to development of electric fields within the cloud and between the cloud and the ground. Neutralization of these charged particles leads to corona discharges which are characterized by low current densities. We have therefore, experimentally studied the corona discharge of a simulated Titan's atmosphere (10% methane and 2% argon in nitrogen) at 500 Torr and 298 K by GC-FTIR-MS techniques. The main products have been identified as hydrocarbons (ethane, ethyne, ethene, propane, propene+propyne, cyclopropane, butane, 2-methylpropane, 2-methylpropene, n-butane, 2-butene, 2,2-dimethylpropane, 2-methylbutane, 2-methylbutene, n-pentane, 2,2-dimethylbutane, 2-methylpentane, 3-methylpentane, n-hexane, 2,2-dimethylhexane, 2,2-dimethylpentane, 2,2,3-trimethylbutane, 2,3-dimethylpentane and n-heptane), nitriles (hydrogen cyanide, cyanogen, ethanenitrile, propanenitrile, 2-methylpropanenitrile and butanenitrile) and a highly branched hydrocarbon deposit. We present the trends of hydrocarbons and nitriles formation as a function of discharge time in an ample interval and have derived their initial yields of formation. The results clearly demonstrate that a complex organic chemistry can be initiated by corona processes in the lower atmosphere. Although photochemistry and charged particle chemistry occurring in the stratosphere can account for many of the observed hydrocarbon species in Titan, the predicted abundance of ethene is too low by a factor of 10 to 40. While some ethene will be produced by charged-particle chemistry, the production of ethene by corona processes and its subsequent diffusion into the stratosphere appears to be an adequate source. Because little UV penetrates to the lower atmosphere to destroy the molecules formed there, the corona-produced species may be long-lived and contribute significantly to the composition of the lower atmosphere and surface.
INTRODUCTION
Titan, the largest moon of Saturn, is the only satellite in the Solar System with a dense atmosphere composed of nitrogen (90-99%), methane (0.5-3.4%), argon (0-6%) and traces of several organics (Hunten et al., 1984) , some of which are photolyzed (Scattergood et al., 1992) or radiolyzed (Thompson et al., 1994) in the stratosphere leading to at least three different haze layers. The atmospheric temperature falls from its surface value of 94 K at a pressure of 1.5 bar to a minimum of 71 K at a height of 42 km and pressure of 0.128 bar at the tropopause (Lindal et al., 1983) . The temperature at this level is no closer than 5 K to the condensation temperature of nitrogen, coming closest at 30 km. It is therefore unlikely that nitrogen clouds can form (Hunten et al., 1984) . Considerable attention has been given to the formation of clouds by condensation of methane, which would occur if the mixing ratio below the clouds exceeded 2.0% by volume (Toon et al., 1988) . Based on a reanalysis of the IRIS infrared spectra of Titan, it has been suggested that clouds probably exist from altitudes below 10 km up to 30 km formed by liquid methane particles of radius larger than 50 mm and with a condensed particle concentration estimated in the order of <10 -3 particle cm -3 . The large particle size and the low particle concentration relative to Earth's thundercloud can be understood if Titan's high altitude haze is the major source of condensation nuclei. It is inferred that Titan is not completely cloud covered, rather clouds are patchy (Toon et al., 1988) on account of the low intermolecular forces between methane liquid particles. Model calculations predict that rainfall velocities in Titan are much slower than on Earth (see Table 1 ) in spite of the fact that Titan's raindrops are larger. Under standard conditions on Titan, it is predicted that raindrops will evaporate before reaching the ground, leaving behind their condensation nuclei and hence, forming a cloud of aerosol particles near the surface (Lorenz, 1993) . Table 1 compiles some known or predicted properties of Titan's clouds and contrasts them with those of terrestrial clouds.
ELECTRICAL ACTIVITY IN THE TROPOSPHERE
The presence of clouds and convective activity in the lowest region of the atmosphere suggest the possibility of electrical activity in Titan's troposphere. In fact corona and lightning discharges are not only common in our atmosphere but also in several planetary atmospheres, such as those in Venus, Jupiter, Saturn, Uranus, and Neptune (Russell, 1993) . The mechanisms of cloud electrification are not yet clearly understood. Even for the Earth, we have at present a semiquantitative understanding of the electrification processes. Electrical activity is most commonly associated in the Earth with mature thunderclouds, which are characterized by a significant content of condensation particles, strong vertical air and particles motions, a net electrical dipole structure and the presence of precipitation (Uman, 1987) . The electrification of thunderclouds results from the formation of electrical charges and their separation in space by gas and particle motions. The mechanisms responsible for this electrification are still fragmentary and controversial (Lhermitte and Williams, 1983) . Two general theories have been advanced to explain the gross electrical structure of clouds; these invoke precipitation or convection processes. The precipitation theory depends on microphysical mechanisms for the generation of charged particles, such as: (a) charge transfer by collisions between two uncharged graupel and/or ice particles containing ionic species (Reynolds et al., 1957; Caranti and Illingworth, 1980) ; (b) charge transfer by induction in which two uncharged but electrically polarized precipitation particles collide (Sartor, 1967) ; and (c) charge generation due to the thermoelectric effect which results in different cation and anion mobilities during a phase transition of precipitating particles (Takahashi, 1978) ; it then uses the gravitational sedimentation of particles to separate charges within the cloud to create a net dipole within the thunderstorm. In contrast, the convection theory depends on convective motions to bring externally derived ions into the cloud, where they get attached to cloud particles (Vonnegut, 1953) . These ions and precipitating particles are continuously being generated by cosmic ray interactions with the atmosphere. The net dipole within the cloud, according to this last theory, results from updrafts transporting the positively charged particles to its upper portions, while the downdrafts deliver negative ions from above the cloud top to the base. Both theories depend strongly on the updrafts for the charge buildup in thunderstorms. Nonetheless, neither of these distinct views can alone provide a complete Rinnert, 1985; Borucki et al., 1988; Toon et al., 1988; and Lorenz, 1993. explanation for terrestrial thunderstorm electrification (Lhermitte and Williams, 1983) . Once a net dipole has been developed in a thundercloud, electrically charged particles may be neutralized within the cloud or with the ground by corona and lightning discharges. Collision of a pair of raindrops within a thundercloud can produce, momentarily, a gross deformed object whose shape is partially conductive to corona onset in relatively weak electric fields (Crabb and Latham, 1974; Latham and Stromberg, 1977) . If the electric field is strong enough (>2.4 x 10 5 V m -1 ), the corona current can develop into a corona streamer triggering the development of a lightning discharge (Uman, 1987) . It has been estimated that about 9.3 x 10 -5 W m -2 of electrical energy dissipation rate is produced annually by thunderclouds, of which 33.3% is dissipated as corona discharges and the rest as lightning flashes (Chyba and Sagan, 1991) .
Several authors have suggested the likelihood of lightning in Titan's clouds (Chang et al., 1979; Lewis, 1980; Gupta et al., 1981; Khare et al., 1981; Bossard et al., 1983; Borucki et al., 1984 Borucki et al., , 1985 Borucki et al., , 1988 Borucki and McKay, 1987; Coll et al., 1995) . An attempt to estimate the possible lightning energy dissipation rate in Titan (E T ) was done by Borucki et al. (1984) . Considering that a small fraction of all the convective energy (E C ) deposited in the lower atmosphere by the Solar flux is converted to lightning energy, according to following ratio, R T = E T / E C , and on the assumption that R T lies between the terrestrial (Re = 4 x 10 -7 ) and the jovian (R J = 4 x 10 -5 ) values, the authors predicted that E T can be expected to be 4 x 10 -6±1 W m -2 . As recognized by Borucki et al. (1984) , the major uncertainty in their calculation was the choice of R T since the atmospheres of Earth, Jupiter and Titan have distinctly different characteristics. Both Titan and Earth have a mostly nitrogen atmosphere of close density; however, Titan and the Earth differ in that the lower atmosphere of Titan is much colder and denser than the terrestrial atmosphere. Furthermore, the temperature gradient between the surface and the tropopause is approximately one-third smaller in Titan (see Table 1 ). Titan's atmosphere appears to contain no polarizable gas that would accept, bind and stabilize the electrons produced by galactic cosmic ray and Saturnian magnetospheric electron interactions with the atmosphere. Jupiter and Earth are similar in that both contain cloud particles with high dielectric constants whereas Titan does not (see Table 1 ). It is possible that aerosol particles may play a leading role in the electrification of Titan's troposphere. have computed the electrical conductivity and electrical charge on aerosols in Titan for altitudes from 0 to 400 km. The ionization caused by galactic cosmic rays and electron precipitation from the Saturnian magnetosphere leads to the formation of cations and electrons in Titan's atmosphere. Because the thermal velocity of electrons is higher than that of cations and ion clusters, the aerosols will become negatively charged, preventing coagulation and decreasing their settling speeds in the lower atmosphere. Their study suggest that a substantial concentration of electrons occurs at altitudes below 100 km.
An opportunity to search for evidence of lightning at Titan occurred during the Voyager 1 encounter with Saturn on November 12, 1980, when the spacecraft passed within 4.4 x 10 3 km of Titan's cloud tops. Because optically thick cloud and haze layers prevented lightning detection at optical wavelengths, Desch and Kaiser (1990) searched for lightning-radiated signals at radio wavelengths during about 1 hr of the closest encounter. Given the maximum ionosphere density of about 3 x 10 3 cm -3 , lightning spherics should have been detectable above an observing frequency of 500 kHz. About 98% of Titan's surface was monitored during this interval and the instrument failed to detect any lightning-associated spherics. Based on the instrument's threshold, it was possible to infer that if lightning were to occur in Titan, its total energy per flash should be ≤10 6 J, or about a thousand times weaker than that of a typical terrestrial thunderstorm lightning. This negative result cannot completely dismiss the possibility of other types of unusual lightning discharges in Titan's clouds. In fact during explosive volcanic eruptions on Earth, intense lightning discharges of a few hundred meters in length, are produced, whose total energy per flash is precisely about 10 6 J (Anderson et al., 1965 ; for reviews see NavarroGonzález et al., 1996 and . This does not imply, however, that volcanic lightning may occur in Titan today but rather that a better knowledge is needed on the physics of lightning. An alternative explanation for the absence of lightning spherics in the Voyager 1 data could be the existence of an additional ionized layer in Titan's atmosphere that would prevent the upward escape of electromagnetic radiation with frequencies of up to several MHz (Grard, 1992) . A new possibility to detect lightning in Titan will arise towards the end of the year 2004, when the Huygens probe will perform its 3 hr descent into Titan's atmosphere and will do in situ measurements of atmospheric electricity and lightning activity (Grard et al., 1995) .
The presence or absence of lightning activity on Titan has important consequences for the inventory of hydrocarbons in Titan's atmosphere (Desch and Kaiser, 1990) . For instance, the observed abundances of HCN, C 2 H 2 , C 2 H 6 and C 3 H 8 are in agreement with the calculated abundances derived photochemically (Yung et al., 1984) in the stratosphere. The model prediction for ethene falls short of the observations by a factor of 10 to 40, however, and cannot be adequately accounted for, except by a significant level of lightning activity (Borucki et al., 1988) . Meteoritic impacts into Titan's atmosphere could explain the formation of ethene (Scattergood et al., 1989 ) but yet it would be difficult justify an adequate rate of collisions to sustain the observed C 2 H 4 mixing ratio. As the lightningdischarge level is probably very low, Desch and Kaiser (1990) have suggested that either another process is involved or that certain aspects of the chemical kinetics of organic synthesis in Titan's atmosphere should be reevaluated. It seems plausible that the electric fields in Titan's clouds are not strongly enough to initiate lightninglike discharges and rather the energy dissipates in corona processes. Therefore, it is of interest to assess the nature of products formed by this mechanism. The purpose of this work is to provide such a study.
MATERIALS AND METHODS
The gases used for corona discharge irradiation were ultra-high purity (CH 4 = 99.97%, N 2 and Ar = 99.999%) and were supplied by Praxair, Inc. A Titan's simulated atmosphere composed of 88% N 2 , 10% CH 4 and 2% Ar (the latter used as an internal standard) was prepared using a Linde mass flow measuring and control gas blending console (FM4660) equipped with fast response mass flow control modules (FRC) of 20 cm 3 min -1 capacity (see Fig.  1 ). The reactor was evacuated to 10 -4 Torr and flush twice with the gas mixture before fill it up at 500 Torr.
The reactor was composed of a two-part glass vessel (see Fig. 2 ). The lower part was a tube (40 mm i.d.) with a tungsten rod (99.9+%, 1 mm d.) in its center, acting as an internal electrode, and where a Tesla coil was connected. The tube was externally covered by a copper plate (10 cm width), acting as the ground electrode. The upper part was a 1-l flask with a high vacuum stopcock for connection to the manifold or to the gas chromatograph. The two parts of the vessel were connected with ethylenepropylene rubber high vacuum O-ring joints. The reactor was cleaned with a warm (80°C) sulfonitric (1:1) solution, rinsed thoroughly with tap water, distilled water and triple- Fig. 1 . Control gas blending console and gas facilities used in the preparation of a simulated Titan's troposphere. distilled water. Finally it was baked at 350°C for 30 min. Krytox GPL fluorinated grease was applied on the O-rings to avoid air leakages.
The corona discharge was induced with a high frequency (0.3 MHz) Tesla coil (model BD-50E from Electro-Technic Products, Inc.). The output power has not yet been measured in the corona arrangement but using sparks, where the typical power output is about 2 W (Honda et al., 1989; Navarro-González et al., 1998) . The samples were irradiated in a closed-system from 2.5 min up to 1.5 days. When the discharge time exceeded 2 hrs of continuous irradiation, we introduced a 2.5 min on/off dutycycle. After corona discharge, the gases were immediately analyzed.
The analyses of the samples were performed using a Hewlett Packard (HP) gas chromatograph 5890 series interfaced in parallel with a HP FTIR-detector (model 5965) and a HP quadrupole mass spectrometer (5989B) equipped with electron impact and chemical ionization modes. The gases were injected into the gas chromatograph by an automatic six-port gas-sampling valve with a gas loop of 2 ml. The column used was a 25 m x 0.32 mm I.D. PoraPLOT Q fused-silica with a 2.5 m particle trap. Its chromatographic characteristics for the separation of lowmolecular weight hydrocarbons and nitriles has already been described by Do and Raulin (1989) . The column program temperature was isothermal at 30°C for 4 min, and then a rate of 13°C min -1 up to 240°C, and finally isothermal for 5.62 min. The aerosols obtained from extensive irradiation periods were dissolved in methanol and then injected in the gas cromatograph by an automatic autosampler (HP 7673) of 10 ml. In this case a HP-5 (PhMe Silicone) capillary column was used. The column temperature was from 55 to 250°C at a rate of 2.5 °C . Electron impact (70 eV) and infrared spectra (FT) obtained after gas chromatographic separation of the 2,2-dimethylpentane formed by 30 minute corona discharge irradiation of N 2 (88%), CH 4 (10%) and Ar (2%) at 500 Torr and 298 K. min -1 . In both cases, the temperatures at the GC-MS and GC-FTIR interfaces and in the FTIR flow cell were at 250°C. The carrier gas used was helium (chromatographic grade from Praxair, Inc.) with a flow of 1.2 and 2.0 ml min -1 . An exemplification of the analytical characterization of an hydrocarbon is shown in Fig. 3 . A nuclear magnetic resonance spectrum ( 1 H) was obtained from the solid deposit in a Varian Gemini 200 MHz spectrometer using CDCl 3 .
RESULTS AND DISCUSSION
In the initial phase of this study, a Titan's simulated atmosphere was subjected to corona discharge irradiation for several hours in order to accumulate sufficient products for detection purposes. The analyses of these systems indicated the presence of significant quantities of unreacted methane and the formation of basically saturated hydrocarbons and nitriles. For the case of C 2 -unsaturated hydrocarbons, ethene was more abundant than ethyne. These results were in agreement with previous corona discharge studies of gaseous methane in which basically saturated hydrocarbons were detected (Ponnamperuma and Pering, 1966; Ponnamperuma and Woeller, 1964; Ponnamperuma et al., 1969) . Manton and Ticker (1960) have shown that when methane is irradiated with lowenergy electrons (<20 eV) and the products are protected from secondary degradation, the C 2 -hydrocarbon distribution is ethane > ethene > ethyne; as the energy of the electrons is raised to about 20 eV, the distribution is changed to ethane > ethene = ethyne, and at higher energies to ethane > ethyne > ethene. Based on these results, we inferred that the electron energy in our corona discharge experiments was very low (<20 eV). In an effort to obtain meaningful results relevant to planetary science (Thompson et al., 1991) , we drastically improved our analytical detection limits and were able to decrease the product Fig. 5 . Electron impact (70 eV) and infrared spectra of peak No. 1 in Figure 4 from a two-hour corona discharge irradiation of N 2 (88%), CH 4 (10%) and Ar (2%) at 500 Torr and 298 K. residence time in the reactor to a few minutes. When this happened, the results were completely different. Figure 4 shows the products from a N 2 (88%), CH 4 (10%) and Ar (2%) mixture subjected to 30 min corona discharge irradiation at 500 Torr and 298 K. The major hydrocarbons were ethene-ethyne, ethane, propane, 2-methyl-propane, n-butane and 2-methylbutane; whereas the major nitriles were methanenitrile, ethanenitrile, propanenitrile and butanenitrile. It is interesting to note that at low irradiation times when the products are not exposed to degradation by the discharge, there is formation of unsaturated hydrocarbons. Ethene and ethyne coelute in our GC-column (peak 1 in Fig. 4) ; their combine yield is comparable to that of ethane. The mass and infrared spectral data of peak 1 (see Fig. 5 ) indicate that ethyne is the main product where the C 2 H 2 / C 2 H 4 ratio can be from 3 to 8, respectively, depending upon the analytical technique used and assuming similar responses. The yields of higher unsaturated hydrocarbons decrease as the hydrocarbon length increase. Another important feature of the corona discharge is the absence of unsaturated nitriles.
The gas chromatographic separation of the aerosols formed from a N 2 (88%), CH 4 (10%) and Ar (2%) mixture subjected to 16 hr corona discharge irradiation at 500 Torr and 298 K is shown in Fig. 6 . Identification of each peak was not possible due to extensive branching of tholins and lack of molecular ions. Better resolution is required to resolve the complex mixture of isomeric hydrocarbons and be able to identify them. From the 1 H NMR analysis (see Fig. 7 ), it can be inferred that the solid deposit contains saturated and unsaturated hydrocarbons, nitriles, amines, and aromatic compounds.
Graphic I in Fig. 8 shows the decomposition of methane and nitrogen in the corona discharge irradiation of N 2 -CH 4 -Ar in a wide irradiation interval; both compounds linearly decompose with increasing time at comparable rates. The formation of main hydrocarbons and nitriles is also [X]% shown in Fig. 8 (II to VI) . In all cases, their yields linearly increase with irradiation approaching steady-state values at about 15 to 30 min. Only for the case of C 2 H 2 + C 2 H 4 , their yields reach a maximum and then gradually decrease. The initial rates of formationof the products so far identified are summarized in Table 2 and were calculated from the slope of the linear region of concentration vs time curves (e.g., Fig. 8 ). Table 2 also gathers information on the method(s) used to identify each product.
The yields obtained are semiquantitative since they were estimated relative to the initial methane concentration assuming a similar mass spectral response. We are beginning a quantitative study of the system, constructing calibration curves and developing diagnostic tools to measure the energy introduced into the system. This will enable us to derive energy yields and compare the relative importance of corona processes to other energy forms. Toupance et al. (1975) have previously conducted an extensive study of the corona discharge of methanenitrogen mixtures at various molar ratios extending from 0 to 100% in an open-flow system. Because of the low pressure used in their study, the discharge can be best classified as corona-glow. The products detected in this system were H 2 , NH 3 , C 2 H 6 , C 2 H 2 , C 2 H 4 , C 3 H 4 , i-C 4 H 10 , n-C 4 H 10 , C 4 H 6 , HCN, (CN) 2 , HC 2 CN, CH 3 CN, C 2 H 5 CN and CH 2 =CHCN. In general the yields seem to match our results for 10% CH 4 except that we were not so successful in detecting unsaturated nitriles. Several observations are important to emphasize from the results of Toupance et al. (1975) . First, the maximum nitrile yields were obtained at about 60 to 80% N 2 , except for (CN) 2 where it was at about 90%. The highest yields for hydrocarbons are achieved in the lowest N 2 molar ratios. And finally the C 2 H 6 / C 2 H 2 ratio is approximately constant from 0 to 100% N 2 molar ratio; however, the yield for C 2 H 4 decreases from about 2.2% in pure methane to almost 0% in 90% nitrogen.
Based on the higher yields of C 2 H 2 over C 2 H 4 obtained in our study as well as that of Toupance et al. (1975) , it can be deduced that the energy of the electrons in our corona discharge setups was greater than 40 eV. It is not possible to estimate the electric field potential in Titan's methane clouds; however, it seems likely that weak electric fields as those used in the present study could be achieved and, therefore a variety of hydrocarbons and nitriles can be expected to form in Titan's troposphere. Although photochemistry and charged particle chemistry occurring in the stratosphere can account for many of the observed hydrocarbon species in Titan, the predicted abundance of ethene is too low by a factor of 10 to 40 (Yung, et al., 1984; Borucki et al., 1988) . While some ethene will be produced by charged-particle chemistry, its production by corona processes and its subsequent diffusion into the stratosphere appears to be an adequate source. Furthermore, because little UV penetrates to the lower atmosphere to destroy the molecules formed there, the corona-produced species may be long-lived and contribute significantly to the composition of the lower atmosphere and surface.
CONCLUSIONS AND FUTURE DIRECTIONS
This study has shown that a complex organic chemistry can be expected in the lower atmosphere initiated by corona discharges on surfaces of methane-rain particles within Titan's clouds. Even with the development of weak electric fields, it is still possible to form a variety of hydrocarbons and nitriles. They can originate more complex and heavier compounds at long irradiation periods. An important feature in corona discharge processes is the formation of mostly saturated nitriles and hydrocarbons (for C 3 and up). While other energy sources can adequately account for most of the observed species in Titan, the production of ethene by corona processes appears to be an important one.
A more thorough investigation is needed to adequately assess the importance of corona processes in Titan's troposphere. In particular, it is important to derive energy yields for the organic gases, characterize the aerosols produced in the system and conduct the experiments at low temperatures.
